Huntingtin (htt) is a 350 kDa protein of unknown function, with no homologies with other known proteins. Expansion of a polyglutamine stretch at the N-terminus of htt causes Huntington's disease (HD), a dominant neurodegenerative disorder. Although it is generally accepted that HD is caused primarily by a gainof-function mechanism, recent studies suggest that loss-of-function may also be part of HD pathogenesis. Huntingtin is an essential protein in the mouse since inactivation of the mouse HD homolog (Hdh) gene results in early embryonic lethality. Huntingtin is widely expressed in embryogenesis, and associated with a number of interacting proteins suggesting that htt may be involved in several processes including morphogenesis, neurogenesis and neuronal survival. To further investigate the role of htt in these processes, we have inactivated the Hdh gene in Wnt1 cell lineages using the Cre-loxP system of recombination. Here we show that conditional inactivation of the Hdh gene in Wnt1 cell lineages results in congenital hydrocephalus, implicating huntingtin for the first time in the regulation of cerebral spinal fluid (CSF) homeostasis. Our results show that hydrocephalus in mice lacking htt in Wnt1 cell lineages is associated with increase in CSF production by the choroid plexus, and abnormal subcommissural organ.
INTRODUCTION
Huntingtin (htt) is a 350 kDa protein of unknown function, and with no homologies with other known proteins. Expansion of a polymorphic polyglutamine stretch at the N-terminus of htt causes Huntington's disease (HD), an adult-onset dominant neurodegenerative disorder characterized by selective neuronal cell death in cortex and striatum (1) . Since a gain-offunction mechanism is widely accepted as a cause of HD, little attention has been focused on elucidating the normal function of wild-type htt. Recent studies however suggest that loss-of-function may also be part of HD pathogenesis (2 -4) . Therefore, understanding the normal function of htt is likely to provide important information regarding HD pathogenesis.
Huntingtin is widely expressed in the early developing mouse embryo and becomes restricted to the central nervous system (CNS) later in gestation (5, 6) . Huntingtin has an essential role during embryogenesis since inactivation of the mouse HD homolog gene (Hdh) results in developmental retardation and death of nullizygous embryos between E7.5 and E10.5 (7) (8) (9) (10) . Although null embryos gastrulate, their development is stalled by E7.5 accompanied with extensive apoptosis. Further analyses of huntingtin-deficient embryos revealed that huntingtin is essential in the early patterning of the embryo for the formation of the anterior region of the primitive streak (11) . In vitro analyses showed htt has anti-apoptotic functions in neuronal cell cultures (2) . Htt is also associated with a large number of interacting partners, implicating htt in processes that include transcriptional regulation, cell signaling and morphogenesis (12) .
The early lethality of the Hdh nullizygous embryos, however, precludes the analyses of the function of huntingtin in vivo in later developmental events. To further define the roles of huntingtin in embryonic development, brain patterning and in neuronal cells, our research group is pursuing a systematic analyses of the effects of loss of the Hdh gene at different stages and different cell lineages in the mouse, using the Cre-loxP system of recombination. With this approach, we have previously reported that conditional inactivation of Hdh in the forebrain results in progressive neurodegeneration (3) , indicating that htt is required postnatally for neuronal survival in cortex and striatum.
To investigate the role of htt in brain development, we conditionally inactivated the Hdh gene in Wnt1 cell lineages, which contribute to the midbrain, hindbrain, granular cells of the cerebellum, as well as to dorsal midline-derived ependymal secretory structures (13 -16) . Our results show that the loss of htt in Wnt1 cell lineages results in congenital hydrocephalus associated with abnormalities in the choroid plexus and subcommissural organ (SCO).
RESULTS

Inactivation of the mouse Hdh gene in Wnt1 cell lineages causes hydrocephalus
To generate the experimental progeny of interest, Wnt1-Cre/þ mice, expressing the Cre recombinase under control of the Wnt1 regulatory sequences (14, 15, 17) were crossed with Hdhþ/2 mice (10). The resulting Wnt1-Cre/þ; Hdhþ/2 mice were then crossed with Hdh flox/flox mice (3). Wnt1-Cre/þ; Hdhflox/2 mice were born at the expected Mendelian ratio, and were normal in size and appearance at birth. However, by postnatal day 6 (P6), they were easily distinguishable from their littermates-they developed an enlarged domed cranium, reminiscent of mice with hydrocephalus ( Fig. 1A and  B) . Skeletal analyses also demonstrated domed skull and, in addition, calvarium bone suture fusion defects which are likely to be secondary to the enlargement of the brain prior to physiological closure of the sutures (Fig. 1C-H) . Consistent with observations of other mouse mutants with congenital hydrocephalus (18, 19) , Wnt1-Cre/þ; Hdhflox/2 mutant mice displayed reduced growth (Fig. 1B) and progressive wasting accompanied by ruffled coats, ataxic gait and dehydration, leading to death between P6 and P18.
Ventricular dilation and tissue loss in hydrocephalic Wnt1-Cre/1; Hdhflox/2 mutant mice Anatomical analyses of mutant brains at P4, P10 and P15 revealed the presence of excessive cerebral spinal fluid (CSF). Histological analyses demonstrated enlargement of the lateral and third ventricles in mutant brains ( Fig. 2A -E) , and tissue loss in the cortex (Fig. 2C ), likely to be secondary to CSF accumulation. In more severe cases, compression of the cerebellum and other brain regions was also observed but no gross brain developmental abnormalities were detected. Notably, midbrain, hindbrain and cerebellum appeared grossly normal at all stages analyzed (Fig. 2E , and data not shown). To investigate whether 'leaky' Cre-mediated recombination could be responsible for tissue loss in forebrain regions in Wnt1-Cre/þ; Hdhflox/2 mutant mice, we verified the pattern of recombination of Wnt1Cre transgenic line by crossing Wnt1-Cre/þ mice with the Rosa26 reporter line (R26R) (20) , which expresses b-galactosidase upon Cre-mediated recombination. X-Gal staining of Wnt1-Cre/þ; R26R/þ brains confirmed that recombination of the R26R allele was always confined to midbrain, hindbrain and cerebellum (Fig. 3A) . Also, western analyses on total protein extracts from forebrain and cerebellum of P10 mutant and control mice revealed that htt levels in the mutant forebrain were comparable to that of controls, while a 70% reduction was observed in cerebellum protein extracts (Fig. 3B ). In addition, TUNEL analysis in the cortices of mutant and control brains, preceding the onset of hydrocephalus and tissue loss, did not reveal any differences in apoptotic cell death (data not shown). These results indicate that tissue loss in the forebrain in Wnt1-Cre/þ; Hdhflox/2 mutant mice is secondary to CSF accumulation.
Hydrocephalus in Wnt1-Cre/1; Hdhflox/2 mutant mice is congenital
To determine the timing of onset of hydrocephalus in the Wnt1-Cre/þ; Hdhflox/2 mutant mice, we performed anatomical and histological analyses on brains from late gestation embryos (E17.5) and postnatal mice (P0 to P15). Although the cerebral cortex and lateral ventricles appeared normal at E17.5, enlargement of the lateral ventricles was already observed in a significant fraction of mutants at P0 and was present in 100% of the mutants after P4 ( Table 1 ). The presence of ventricular enlargement at birth indicates that hydrocephalus in Wnt1-Cre/þ; Hdhflox/2 mice is congenital. Hydrocephalus in Wnt1-Cre/1; Hdhflox/2 mutant mice is associated with choroid plexus and SCO abnormalities Congenital hydrocephalus in mutant mice and rats is often found in association with abnormalities of the choroid plexus and of the SCO (18,21 -24) . Since the SCO and the choroid plexus of the third and fourth ventricles are derived from Wnt1-expressing cell populations of the dorsal midline (13, 25, 26) , we examined whether these structures were affected in Wnt1-Cre/þ; Hdhflox/2 mice.
Gross anatomical examination of choroid plexus from the third and fourth ventricles did not reveal significant differences in size between Wnt1-Cre/þ; Hdhflox/2 and control littermates. Corroborating these findings, immunohistochemistry for ki-67, a marker for cell proliferation, did not show increase in cell proliferation in mutant choroid plexus compared to control littermates (data not shown). However, histological analyses of Wnt1-Cre/þ; Hdhflox/2 choroid plexus of third and fourth ventricles at P2, P9 and P15 revealed that there was a 2-fold increase in cytoplasmic volume accompanied by decreased electron-density in a large fraction of choroid plexus epithelial cells compared to control littermates ( Fig. 4A -D) . Consistent with a potential role for huntingtin in choroid plexus and CSF production, immunohistochemistry for htt in P1 and P12 brain sections revealed that htt is abundantly expressed in choroid plexus of WT mice, and that its expression is completely abolished in Wnt1-Cre/þ; Hdhflox/2 mutants (Fig. 4 E -F, and data not shown). The epithelial cells of the choroid plexus secrete CSF by a process which involves unidirectional transport of ions, achieved due to both the polarity of the epithelium [i.e. the ion transport proteins in the blood-facing (basolateral) membrane are different to those in the ventricular (apical) membrane] and to the barrier formed by junctional complexes between the epithelial cells (27, 28) . Immunohistochemistry for the tight junction associated protein zonula occludens1 (ZO-1) and the tight junction protein Claudin-1, however, did not show significant differences between mutants and controls, indicating that tight junctions are normal in mutant CP (data not shown). Immunohistochemistry for Aquaporin-1 (AQP1), a water channel expressed strongly at the apical surface of choroid plexus epithelium (29 -31) also did not show any differences in the distribution or levels of expression indicating that polarity is also maintained in the choroid plexus epithelium of Wnt1-Cre/þ; Hdhflox/2 mutants (data not shown). These results suggest that the apparent overproduction of CSF by the CP in Wnt1-Cre/þ; Hdhflox/2 mutants is probably not due to a gross structural abnormality of the CP, but may be a consequence of abnormal physiological control of CSF production and secretion.
We next examined whether the SCO was affected in Wnt1-Cre/þ; Hdhflox/2 mutants. In WT mice, the SCO is located in the roof of the third ventricle at the entrance of the aqueduct of Sylvius, and spans the caudal portion of the third ventricle and rostral part of the aqueduct (22, 32) . Analyses of serial coronal sections from Wnt1-Cre/þ; Hdhflox/2 and control littermate brains at P0 and P4 revealed that although the rostral portion of the SCO was present in mutant mice, no structure resembling the SCO was visible in more caudal sections (Fig. 5A -F) , indicating that the SCO is significantly reduced in size in mutant brains.
Comparison of the SCO length of mutant and control brains at P0, P4 and P9 revealed that the SCO in the mutants is 40% the size of the SCO of its control littermates. In addition, stenosis of the aqueduct was also observed in caudal sections (Fig. 5F , and data not shown). To determine if the SCO ependymal cells were properly differentiated in Wnt1-Cre/þ; Hdhflox/2 mutants, we performed immunostaining for SCO-spondin, the major glycoprotein expressed by the secretory ependymal cells of the SCO that aggregates to form Reissner Fiber (RF) (32) . Immunostaining using the anti-RF antibody AFRU (33) showed normal expression of SCO-spondin in the rostral portion of the SCO in the mutants (Fig. 6B and C) . However, although in WT mice, RF-immunoreactivity is restricted to the SCO and absent from other ependymal cells (18, 34) (Fig. 6D) , high levels of RF-immunoreactivity was detected in the ependyma lining the aqueduct in mutant mice (Fig. 6F ) in a pattern corresponding to that of dorsal-midline-derived Wnt1 cell lineages (Fig. 6A) .
These results indicate that abnormalities in the SCO and in the regulation of the CSF production by the choroid plexus underlie the congenital hydrocephalus of Wnt1-Cre/þ; Hdhflox/2 mice.
DISCUSSION
Congenital hydrocephalus is a human disorder with high mortality rate, occurring in 1/1000 live births (35 -37) . Alterations affecting the flow, synthesis or absorption of CSF can all lead to net accumulation of CSF and consequently to hydrocephalus (35, 38) . Despite the high prevalence of this disorder, the molecular basis of hydrocephalus and the mechanisms regulating CSF homeostasis are still largely unknown. A growing body of evidence, however, suggests that genetic factors play a major role in the pathogenesis of hydrocephalus. Although it is estimated that 40% of congenital hydrocephalus cases in humans have a possible genetic cause (39), so far only one gene, the X-linked L1-CAM (L1 cell adhesion molecule), has been identified, and accounts for 5% of the congenital cases with genetic cause (24, 39) . Over the past decade, the characterization of genetically modified animal models that recapitulate this disorder has led to the identification of more than 10 other genes resulting in hydrocephalus in rodents (19, 22, 24, 40) . Here we show that conditional inactivation of the Hdh gene in Wnt1 cell lineages leads in congenital hydrocephalus in mice, implicating huntingtin for the first time in the regulation of CSF homeostasis. Our results show that hydrocephalus in mice lacking htt in Wnt1 cell lineages is associated with abnormalities of the SCO, abnormal expression of SCO-spondin on ependymal cells of the cerebral aqueduct and apparent increase in CSF production by the choroid plexus.
Lack of SCO or abnormal SCO development is a common feature in rats and mice that display congenital hydrocephalus (22, 41) . This developmental abnormality is observed in mice carrying a null mutation for the transcription factors RFX3 or RFX4 (18, 42) ; in mice overexpressing engrailed-1 (En-1) in Wnt1 cell lineages (26, 43, 44) ; as well as in mice carrying null or hypomorphic mutations in genes whose expression is restricted to the dorsal midline at early stages of development, such as the transcription factors Pax6 and Msx1 (25, 45, 46) , and the secreted signaling molecule Wnt1 (26, 47) .
In Wnt1-Cre/þ; Hdhflox/2 mutants, the SCO is smaller than in WT mice, and although it appears to be normally developed rostrally, its middle and caudal portions are either grossly malformed, or missing (Fig. 5A -F) . Interestingly, while a null mutation in the gene encoding the transcription factor Msx1 leads to complete agenesis of the SCO, heterozygous mice display features similar to those seen in Wnt1-Cre/þ; Hdhflox/2 mutants (25), suggesting that loss of htt in the dorsal midline may lead to downregulation of intracellular pathways required for SCO development.
Htt, an essential protein in mouse development with unknown function(s), is believed to act as a scaffold molecule that orchestrates the assembly of large protein complexes by modulating binding activities of accessory factors (12, (48) (49) (50) . This has been best demonstrated in neuronal cells, where htt, acting as a scaffold protein, regulates the action of proteins involved in neuronal function and in expression of genes essential for neuronal survival (51 -53) . During mouse embryonic development, absence of htt results in early embryonic lethality and impaired anterior streak development (8 -11) , while reduction of htt expression leads to aberrant neurogenesis (54) . Although a scaffold function for htt in these processes has not been demonstrated, the transcriptional deregulation observed in Hdh knockout embryos suggests that htt may either play a direct role in transcriptional regulation or may act in pathways that regulate the expression of essential genes (11) . The fact that htt interacts with several members of transcription complexes, including transcription co-repressors and co-activators, as well as basal transcription factors, supports the notion that htt may play a role in transcriptional regulation by acting as a scaffold protein that modulates the activity of the transcription machinery. A similar role for htt may apply in the development of the SCO. Among the basal transcription factors, htt interacts with the transcriptional activator Sp1, and the co-activator TAFII130, which interacts with Sp1 to stimulate transcription (55, 56) . In particular, Sp1 binding sites have been shown to be essential for the transcription of Pax6 and Msx1 (57, 58) , two genes that are required for proper development of the SCO. Although the role of htt in this interaction is still not clear, it has been proposed that htt may strengthen Sp1 and TAFII130 binding therefore ensuring increased gene transcription (56) .
The mechanism by which lack of SCO results in hydrocephalus is not fully understood. It has been suggested that the secretion of SCO-spondin by the SCO and its aggregation to form the RF is required to maintain the aqueduct of Sylvius open. Absence of SCO or absence of RF along the aqueduct correlates with stenosis of the aqueduct and hydrocephalus in a large number of mouse and rat mutants (41, 42) . Also injections of SCO-spondin antibodies in rats during embryonic development result in hydrocephalus (59) . However, growing amount of evidence suggest that in many of these models the first signs of hydrocephalus occur prior to stenosis of the aqueduct, and therefore that stenosis of the aqueduct may be a secondary event (22) . Although aqueduct stenosis has been observed in our Wnt1-Cre/þ; Hdhflox/2 mice, the abnormally enlarged cytoplasm of the epithelial cells of the CP (Fig. 4D) suggest that increased CSF production may also contribute to hydrocephalus of our mutant mice. About 70-80% of CSF is secreted by the CP (60, 61) , and its secretion is inhibited by sympathetic innervation, and stimulated by cholinergic innervation (62, 63) . Htt is expressed in CP epithelial cells and although we did not detect any gross changes in polarity or tight junction complexes, other structural or physiological abnormalities may underlie CSF overproduction by mutant CP. Alternatively, increased CSF production may be an indirect consequence of the dysgenesis of the SCO. It has been suggested that soluble SCO secretion present in the CSF may regulate CSF homeostasis by either removing monoamines present in the CSF or by directly binding to RF-receptors present in the apical surface of CP epithelial cells (64, 65) .
Differentiation of other ependymal cells also appears to be affected in Wnt1-Cre/þ; Hdhflox/2 mutants. Immunohistochemistry on coronal sections spanning the aqueduct of Sylvius revealed high levels of ectopic RF immunoreactivity in ependymal cells lining the aqueduct of mutant brains (Fig. 6F) . Significantly the pattern of distribution of these ependymal cells (in the dorsal portion of the wall) also corresponds to the distribution of Wnt1 cell lineages in the ependyma (Fig. 6A) . In mice, the aqueduct is an irregularly shaped cavity with three distinct regions (rostral, middle and caudal) lined by various types of ependyma (66) . Ependymal cells develop late in gestation and their complete differentiation occurs in the first two postnatal weeks, with differential expression of genes in dorsal and ventral walls of the aqueduct (67) . Our results indicate that Wnt1 cell lineages contribute to dorsal ependymal populations of the aqueduct wall, and suggest that huntingtin is required for proper differentiation of these cells. Interestingly, ectopic SCO-spondin-immunoreactivity in ependymal cells of the aqueduct has also been observed in other hydrocephalic models (18) .
The implication of htt in hydrocephalus in humans is currently unknown. Although ventricular dilation is observed at late stages in HD, as well as in other neurodegenerative disorders, hydrocephalus in these cases appears to be secondary, due to tissue loss and brain atrophy; a condition known as ex vacuo hydrocephalus. So far, only one case of HD associated with obstructive hydrocephalus of familiar origin has been reported (68) . As for mutations that abolish htt function, not much attention has been focused on, there is only one case report of a truncation in heterozygosity of the HD gene that has been reported in humans (69) . Our findings suggest that the HD gene could be a candidate gene for hydrocephalus in humans, and that the search for more subtle mutations may confirm this hypothesis.
MATERIALS AND METHODS
Genetic crosses
Wnt1-Cre/þ mice (15) (Jax Lab stock number 003829) were backcrossed onto the C57BL/6 background, and the resulting Wnt1-Cre/þ progeny was then crossed with Hdhþ/2 mice (10). To obtain the progeny of interest, Wnt1-Cre/þ; Hdhþ/2 mice were crossed with Hdh flox/flox (3). Mutant and control mice were in C57BL/6 genetic background.
For verification of Wnt1Cre pattern of recombination, Wnt1-Cre/þ mice were crossed with the Rosa26 Reporter (20) (R26R; JaxLab stock number 003474) strain and Wnt1-Cre/þ; R26R/þ progeny were used for the analyses. 
Genotyping of mice
X-gal staining
Staining of sections to visualize lacZ expression was performed as described (70) . Brains were first fixed overnight at 48C in 0.1 M PIPES pH 6.9, 2 mM MgCl 2 , 5 mM EGTA containing 0.2% paraformaldehyde and then cryopreserved in PBS containing 30% sucrose and 2 mM MgCl 2 . Brains were then embedded in OCT compound (TissueTek), and frozen at 2808C. Brains were sectioned on a sagital or coronal plane (9 mm thickness) in a cryostat and mounted on superfrost slides (Fisher). Sections were stained with X-Gal at 378C overnight, washed with PBS and counterstained with eosin.
Western blotting
Protein extracts from forebrain and cerebellum were obtained by homogenizing tissue in protein extraction buffer (10 mM HEPES, pH 8.3; 1.5 mM MgCl 2 ; 1 mM DTT) containing protease inhibitor cocktail (Roche). Insoluble debris was discarded after centrifugation, and protein concentration was determined by the Bradford assay (Bio-Rad). Approximately 20 mg of protein was separated by SDS -PAGE (6% gel) and transferred into nitrocellulose membranes. Membranes were blocked in 5% non-fat milk for 1 h at room temperature and incubated overnight at 48C with mouse monoclonal antibodies against huntingtin (mAb2166, Chemicon, 1:3,000), or b-tubulin (Chemicon, 1:5,000). Membranes were washed and incubated with secondary antibodies for 1 h at room temperature. Protein bands were visualized by chemiluminescence (PIERCE or Amersham) followed by exposure to autoradiographic film.
Skeletal preparations
For skeletal preparations skin and viscera were removed, and carcasses were dehydrated in 95% ethanol for 24 h. Skeletons were then differentially stained with alcian blue (cartilage) and alizarin red (bone). Skeletons were transferred to 1% KOH, monitored for clearing, with changes of KOH as needed. Following clearance of tissue, skeletons were washed with glycerol containing 1% KOH and stored in glycerol (71) .
Immunohistochemistry
Immunohistochemistry was performed as described (15) . Briefly, brains were rapidly dissected in PBS, fixed overnight at 48C in 4% paraformaldehyde (4% PFA), equilibrated in 30% sucrose in phosphate buffer (PBS) for 24 h at 48C, embedded in OCT freezing compound (TissueTek) and frozen at 2808C. Blocks were sectioned coronally or sagitally (9 mm thickness) in a cryostat, and sections were mounted in superfrost slides (Fisher). For fluorescent immunohistochemistry, sections were then postfixed in 4% PFA at room temperature, and blocked at room temperature for 30 min with 1% BSA and 0.1% Triton X-100 in PBS. Primary antibodies mouse monoclonal anti-htt (Mab2166, Chemicon); rabbit polyclonal anti-ZO-1 (Zymed), or anti-Claudin1 (Zymed) were applied after 1:200 dilution in 0.1% BSA, 0.1% Triton X-100 prepared in PBS, and slides were incubated overnight at 48C in a humidified chamber. After three washes in PBS, slides were incubated for 1 h with secondary anti-mouse or anti-rabbit Cy3-fluorescent-conjugated antibody (Jackson ImmunoResearch), washed in PBS and mounted in Vectashield (Vector Laboratories).
For immunodetection using DAB substrate, slides were airdried, post-fixed with 4% PFA and incubated with 0.3% H 2 0 2 in methanol for 20 min, to quench endogenous peroxidase. Sections were then blocked for 1 h with 1% BSA, 0.1% triton in PBS and incubated with primary rabbit polyclonal antibody anti-ki-67 (DAKO); anti-aquaporin 1 (Chemicon); or anti-RF (AFRU, a gift from Dr E.M. Rodriguez) overnight at 48C in a humidified chamber. After several washes in PBS, primary antibody detection was carried out using the Vector ABC kit according to manufacturers' instructions, followed by incubation with DAB (BD Biosciences) or Fast-DAB with metal enhancer (Sigma).
